Ecological stability in the Laurentian Great Lakes has been altered by nonindigenous species, such as round goby Neogobius melanostomus and dreissenid mussels, as well as by declines in Diporeia, a native amphipod. We evaluated whether these changes could influence diet overlap between the benthivorous fishes slimy sculpin Cottus cognatus, deepwater sculpin Myoxocephalus thompsonii, and round goby, and whether predation on eggs of native species was occurring. We examined diets of fishes collected from January to May 2009 and 2010 in Lake Michigan offshore of Frankfort, MI, Muskegon MI, Two Rivers, WI, and Sturgeon Bay, WI in depths of 69-128 m. Important prey (by dry-weight proportion, and % occurrence) for slimy sculpin were Mysis (0.34, 45%), Diporeia (0.16, 34%), and Limnocalanus macrurus (0.22, 68%) and for deepwater sculpin were Mysis (0.74, 92%) and Diporeia (0.16, 54%). Round goby consumed mainly bivalves (i.e., dreissenids, 0.68, 95%) and Mysis (0.15, 37%). Slimy and deepwater sculpin consumed eggs of bloater Coregonus hoyi (0.04, 11%; 0.02, 7%, respectively) and deepwater sculpin (0.03, 13%; 0.05, 16%, respectively) from February through May at all sites. Round goby consumed eggs of these species, but at lower levels (≤0.02, <1%). Diet overlap was identified between sculpin species at Frankfort and Sturgeon Bay suggesting possible interspecific competition, but not at Two Rivers, and never between round goby and either sculpin species. Given diet overlap varied by site and diet proportions varied spatially more than temporally, benthivores appear to have exhibited localized responses to recent ecological changes. Overall, these results revealed that egg predation and interspecific competition could be important interactions to consider in future examinations of the population dynamics of these species or ecosystem models that forecast how fisheries will respond to possible perturbations or management scenarios.
Introduction
Aquatic ecosystems have been dramatically altered from anthropogenic perturbations (Miller et al. 1989; Rahel 2002) . Proliferation of nonindigenous species and extinction of native species (Christie 1974; Kaufman 1992) , habitat destruction (Benke 1990; Scott and Helfman 2001) , and overfishing (Smith 1968; Jackson et al. 2001 ) are some of the many stressors that have destabilized aquatic food webs. Ecosystem-based management is needed to ensure longterm sustainability of aquatic environments in rapidly changing ecosystems (Link 2002; Hilborn et al. 2003) . Estimation of the diet composition of fishes, even for species without recreational or commercial value, is one of many data requirements needed to implement ecosystem-based fishery management (Pitcher 2001; Francis et al. 2007) . For example, quantitative analysis of diet has contributed to parameterization of ecosystem and bioenergetics models (Christensen 1995; Hanson et al. 1997) , identification of fish recruitment bottlenecks via larval-fish or egg predation (Tyus and Saunders 2000; Richardson et al. 2011) , and estimation of diet overlap and competition among fishes (Winemiller 1989; Garrison and Link 2000a; Diana 2005) .
Over the past century, food webs of the Laurentian Great Lakes (hereafter Great Lakes) have been profoundly influenced by nonindigenous species (Wells and McLain 1973; Mills et al. 1993) , and a new wave of them has invaded since the mid-1980s (Jude 2001; Vanderploeg et al. 2002) . Round goby Neogobius melanostomus was first discovered in 1990 in the St. Clair River (Jude et al. 1992 ) and now occurs in all of the Great Lakes. They have been implicated in the recruitment failure of native mottled sculpin (Dubs and Corkum 1996; Janssen and Jude 2001) , and may have other competitive interactions with other nearshore native fishes (French and Jude 2001; Balshine et al. 2005; Bergstrom and Mensinger 2009) . Consumption of fish eggs by round goby also has been observed (Roseman et al. 2006 ) and may limit recruitment of lake trout reached near-record low levels, whereas slimy sculpin biomass has increased to near-record high levels based on data spanning a 37-year time series . It is unclear whether interspecific competition between round gobies and native sculpins or egg predation could be underlying these changing population dynamics. As with round goby, slimy and deepwater sculpin have been hypothesized to consume sufficient quantities of fish eggs to limit recruitment of other fish species (Luecke et al. 1990; Foote and Brown 1998 ), yet to our knowledge we know of no studies that have identified eggs in sculpin diets to species. Fish eggs in diets can be difficult to identify due to similar morphological characteristics among species or rapid digestion rates (Ahlstrom and Moser 1976; Hunter and Kimbrell 1980) , but recent use of genetic techniques on digested stomach contents may help overcome this problem (Rosel and Kocher 2002; Carreon-Martinez et al. 2011) . Given that slimy sculpin, deepwater sculpin, and round goby in Lake Michigan spatially overlap with incubating eggs of deepwater sculpin and bloater during winter and spring, predation on these eggs could explain the recent record low biomass trends for both species.
Herein we sought to evaluate the potential for competition (through diet overlap) between native sculpins and round goby, and to evaluate the extent of egg predation by all three benthivores. To that end, we described the winter and spring diets of slimy sculpin, deepwater sculpin, and round goby in offshore waters of Lake Michigan. We evaluated whether variation in diet proportions of prey taxa for each benthivore species could be explained by year, day of year, site, or sampling depth. We hypothesized that diet overlap would occur between sculpin species but not between round goby and either sculpin species. Further, we hypothesized that deepwater sculpin eggs and bloater eggs would be consumed by all three benthivore species, but that slimy sculpin would consume higher proportions of bloater eggs given that bloater recruitment is inversely correlated to the biomass of adult slimy sculpin that was present at the time of bloater egg incubation (D. B. Bunnell, unpublished data).
Methods
Slimy sculpin, deepwater sculpin, and round goby were sampled from January through May in 2009 and 2010 using bottom trawls at depths from 69 to 128 m for 5-10 minutes at four sites in Lake Michigan (Figure 1) (43 11.99 N, 086 34.19 W) , an 8-m skate trawl (which fishes slightly higher off the bottom than conventional bottom trawls) was used to sample fishes.
Exact locations of offshore collections varied slightly across different depth strata sampled.
Upon sorting of fishes collected in each individual trawl, all fish or 30-60 randomly subsampled specimens per species were immediately frozen. Because each site was not sampled monthly, the sampling design was unbalanced (Table 1) .
Preserved fish were thawed, weighed (to 0.1 g) and measured (TL, in mm). Whole stomachs (esophagus to pyloric valve) of sculpins and entire digestive tracts of round gobies (esophagus to anus, since no similar valve exists) were excised and preserved in ETDA-enriched, 95% ethanol to preserve genetic material. Under a dissecting microscope, excised contents from individuals were placed into a Ward counting wheel using fine forceps and water. The stomach lining of sculpins was scraped into a separate watch glass to account for embedded prey.
Prey were classified to species, genus, or family and, when possible, life stage. We recorded length of the first 10 individuals encountered for each prey type in each individual diet sample. For unmeasured prey, we applied the average prey length from all measured intact prey of the same type across this data set. After identifying and measuring all prey, dry-weight values for each prey item were calculated using regressions or dry-weight values (Table 2) . Shell-free dry weight values were used for dreissenids (French et al. 2007 ). More than 90 prey types (including different life stages, species, genera, and families) were encountered in benthivore diets, so we grouped prey into one of 12 categories. An additional category combined remaining rare prey into miscellaneous (overall mean diet proportion = 0.02) taxa. For each fish, diet proportions were calculated from summed dry weights of each taxa group. Because many invertebrates can be digested rapidly, we counted only specific body parts (such as copepod rami, cephalic segments of Diporeia, Mysis spp. (hereafter Mysis) eyes, and head capsules of chironomids) to limit double counting (Table 2) .
We identified fish eggs found in diets to species using genetics because slimy sculpin, deepwater sculpin, and bloater eggs that are spawned over winter and spring have similar morphology, coloring, and diameter (Rottiers 1965; Emery and Brown 1978; Rice et al. 1987; Geffen and Nash 1992; Owens and Noguchi 1998) . As many as 10 whole, unpunctured eggs of similar sizes from individual diets were immediately preserved in EDTA-enriched, 95% ethanol for subsequent genetic analysis. Confirmed tissue (fin clips) samples from bloater, deepwater sculpin, slimy sculpin, and round goby collected from Lake Michigan were used as DNA reference samples.
Species assignment of fish eggs in diets was conducted using DNA barcoding which examines approximately 700bp of the mitochondrial cyctochrome c oxidae I gene (COI) (Herbert at al. 2003) . We extracted DNA from the eggs using the DNeasy kit (Qiagen©, Valencia CA) with one alteration to the published protocol: 3 mAU proteinase K was added to ensure complete digestion of eggs. Extracted DNA was examined for quality on 2% aragose gels and quantified using fluorometry. Amplification of DNA via polymerase chain reaction (PCR) used primers VR1_t1, VF2_t1, and followed procedures outlined in Ivanova et al. (2007) .
We used an analysis of restriction length polymorphisms (RFLP) of the COI region to identify the unknown submitted eggs to species. Analysis of RFLPs allowed us to process each sample more quickly and cost effectively than sequencing. Sequences from each species, whose eggs we might encounter, were selected from GenBank (http://www.ncbi.nlm.nih.gov/sites/gquery) (bloater accession # EU523964.1, deepwater sculpin accession # EU524918.1, slimy sculpin accession # EU524520.1, round goby accession # EU524920.1). We then used RestrictionMapper (version 3.0, http://www.restrictionmapper.org/) to find a restriction enzyme that would cut the COI region in all species. Analysis of the COI sequences indicated that the RE HaeIII cut the COI fragment and produced a unique banding pattern among the four species. Restriction enzyme (RE) digests were performed in a 15-µL reaction which included 90U of the RE and the manufacturer's recommended buffer (New England Biolabs). Fragments of DNA were separated on 3.5% agarose gels which were stained with ethidium bromide and then photographed under UV light. Banding patterns of the known species were compared to those of eggs to identify species of each unknown egg from the diet.
Examples of each RFLP phenotype observed in the eggs were also sequenced to further confirm species identity and PCR was performed as described above. Unincorporated nucleotides and primers were removed from the amplicon using the Qiaquick PCR purification kit (Qiagen, Valencia CA) and gene sequences were determined from both strands on an Applied Biosystems Model 3730 XL sequencer at the University of Michigan DNA Sequencing Core Facility. Sequences were queried against those in GenBank (http://www.ncbi.nlm.nih.gov/nucleotide/) using the BLAST search algorithm (Altschul et al. 1990 ) to determine the species.
We assigned species identity of eggs not subjected to DNA analysis based on proportions of eggs genetically identified in each individual fish. In cases where 100% of the eggs submitted for DNA analysis from an individual diet were identified to one species, remaining eggs were assigned the same species (occurred in 40% of samples). When DNA revealed multiple species of eggs were found in an individual diet, the ratio of species was assigned to any remaining eggs in the diet (5% of samples). When eggs were found but were too digested for DNA analysis (45% of samples), we applied the mean ratio estimated for that benthivore species in the same trawl haul to these unknown eggs. When ratios from the same species in the same trawl haul were unavailable, we applied a mean ratio from the same benthivore species collected at either the nearest depth but same date and site (8%) or a different site but the same month (2%).
To explain variation in diets of slimy sculpin, deepwater sculpin, and round goby we developed general linear models (GLMs). Model 1 examined the effect of day of the year on diet composition and used only diets from offshore of Two Rivers because that was the only site where sampling occurred from January through April (Table 1) . Whether Model 2 GLMs used data from all time periods, or just April (when all sites were sampled), depended on results from Model 1 GLMs. Model 2 GLMs determined if variation in diet composition could be explained by spatial effects. In all Model 2 GLMs, we excluded slimy sculpin data from Muskegon during May and June because of low sample sizes (N = 3 fish). Both models included year as a categorical variable and depth as a continuous variable. For sampling unit we used mean diet proportions (by dry weight) from benthivore species caught within the same trawl hauls rather than individual fish diets to avoid pseudoreplication. In each model, the number of individual diets sampled from each trawl haul was used as a weighting factor. For each GLM, we developed individual models for each predator and corresponding prey categories constituting greater than or equal to 90% of their overall diets by dry weight. This required five taxa categories for slimy sculpin, four for deepwater sculpin, and three for round goby. Bonferroni adjustments to significance levels were made using the number of prey categories analyzed for a given benthivore species (e.g., for four prey categories, α = 0.05/4 = 0.0125). To determine if prey proportions used in GLMs were influenced by predator size, we regressed TL of each individual fish caught within a site against its corresponding diet proportion by dry weight for each important prey taxon. Because no visual patterns emerged and all r² values were low (<0.02), effects of TL on the diet proportions of benthivores were ignored.
We calculated diet overlap at each site between each pair of benthivore species using the mean proportions (pooling across all dates and depths for each benthivore species at each site) by dry weight of all 13 prey categories in Schoener (1970) : where = Schoener's overlap index between species x and y; = proportion of food category i used by species x; and = proportion resource i of total resources used by species y.
Values greater than or equal to 0.60 indicated significant overlap and possible competition, if resources were limiting (Martin 1984) .
Results
In total, 2,266 fishes with non-empty stomachs were used in analyses (slimy sculpin N = 1,016, deepwater sculpin N = 699, round goby N = 552; for more details see Table 3 Of the bivalves found in round goby, 72% were quagga mussels, 24% were unidentified dreissenids, 2% were zebra mussels, and 2% were other bivalves. Diporeia was not found in diets of any benthivore species offshore of Frankfort and Muskegon (Table 3) .
Of 522 fish eggs used for DNA analysis, 392 were identified as deepwater sculpin, 88 as bloater, 34 as burbot Lota lota, 4 as slimy sculpin, and 4 as lake whitefish Coregonus clupeaformis. Species identification of burbot and lake whitefish eggs were based on sequencing results. After assigning species to eggs that were not analyzed for their DNA, we estimated that the total number of eggs consumed by all benthivores sampled was 2,456 deepwater sculpin, 894
burbot, 364 bloater, 14 slimy sculpin, and 4 lake whitefish. All burbot eggs were identified in Deepwater sculpin eggs were the most common eggs in diets, and occurred at all four sites from January through May (Table 4) . Of the eggs identified and assigned as deepwater sculpin, 56% were cannibalized, 31% were consumed by slimy sculpin, and 13% were consumed by round goby. Slimy sculpin offshore of Frankfort and deepwater sculpin offshore of Two Rivers, Sturgeon Bay, and Muskegon ate relatively high proportions of deepwater sculpin eggs (0.03-0.06) at frequencies of occurrence ranging 11-25% across many depths (Tables 3, 4) . For some individuals, a surprisingly high number of deepwater sculpin eggs were found. For example, 10 slimy sculpin each contained more than 22 eggs in their stomachs, and 3 contained more than 90 eggs. Also, 17 deepwater sculpin each contained more than 20 deepwater sculpin eggs, and 8 contained more than 70 eggs in each of their stomachs. Finally, three round gobies each contained more than 61 deepwater sculpin eggs in their digestive systems.
Bloater eggs were found in benthivore diets at all four sites during February through May, and 62% were consumed by slimy sculpin, 34% by deepwater sculpins, and 4% were consumed by round goby (Table 4) . Slimy sculpin offshore of Frankfort and deepwater sculpin offshore of Muskegon ate relatively high proportions of bloater eggs (0.04-0.07) at frequencies of occurrence ranging 21-23% (Table 3 ) across many depths (Table 4 ). The maximum number of bloater eggs observed in an individual diet was 14 for slimy sculpin, and 10 for deepwater sculpin.
The Model 1 GLM indicated day of the year did not influence mean diet proportions for any taxa examined for each benthivore offshore of Two Rivers. Additionally, year sampled also was never significant, and depth was significant only for deepwater sculpin consuming Diporeia (Table 5 ). Because day of the year was not significant in Model 1 GLMs, Model 2 GLMs used diets from all sites and dates sampled. Of the 12 Model 2 GLMs that were run, six revealed that significant variation in mean diet proportion was explained by site. In particular, the proportion of Mysis varied among sites for all three benthivore species, the proportion of Diporeia varied among sites for each sculpin species, and the proportion of bivalves varied among sites for round goby. The proportions of Mysis and bivalves in the diets of round gobies also differed between years. Depth was never an important explanatory variable for any Model 2 GLM (Table 5) .
As hypothesized, diet overlap was insignificant between round goby and either sculpin species (D ≤0.39). Significant diet overlap occurred between sculpin species offshore of proportions of fish eggs in sculpin diets seemed comparable to previous studies, we were able to identify eggs to species and this new knowledge can be used to evaluate whether egg predation is a bottleneck in the recruitment dynamics of native species. Lastly, egg predation may be more important today than in the past because bloater and deepwater sculpin biomass (and therefore egg production) appear to be near record low levels, while slimy sculpin biomass is very high compared to historic levels. As a result, even small proportions of eggs consumed by sculpins could have a disproportionate impact upon bloater and deepwater sculpin recruitment.
Understanding the relative contribution of spatial and temporal differences in diet composition is important to resolve, given that most ecosystem models require an "average"
annual diet for each prey species (e.g., Christensen and Walters 2004) . Benthivore diet studies in large aquatic ecosystems have indicated that both regional and temporal variation can be important to incorporate (e.g., Garrison and Link 2000b; Byron and Link 2010) . Our general linear modeling Results revealed that benthivore diets varied more across sites than day of the year, which was consistent with previous studies that reported spatial variability in sculpin diets that were likely driven by differential availability of prey species across sites (Hondorp et al.
2005; O'Brien et al. 2009).
Further, other studies that sampled sculpin diets across multiple seasons revealed minimal variation in diet composition except for higher occurrences of fish eggs in slimy sculpin during spring and in both slimy and deepwater sculpin during autumn (Wells 1980; Kraft and Kitchell 1986; Wojcik et al. 1986 ). As a result, to best characterize the diets of benthivores to inform lakewide ecosystem models, our work suggests that, unless capturing seasonal pulses of species-specific fish eggs, future studies should emphasize broad spatial coverage over intense temporal coverage at a limited number of sites.
Although day of the year did not influence diet composition, we did detect a year effect on the diet proportions of Mysis and bivalves consumed by round goby. Because only 2 years were sampled, determining if the year effect was random variation or an emerging pattern with ecological implications is difficult. Schaeffer et al. (2005) (Hondorp et al. 2005) . The proportion of Diporeia in sculpin diets in our study was also markedly lower than those found in studies completed prior to the invasions of Dreissena spp.
and concomitant decline of Diporeia (e.g., Wells 1980; Kraft and Kitchell 1986; Wojcik et al. 1986 (2003) and Hondorp et al. (2011) who demonstrated positive selection for chironomids after the decline of Diporeia. Slimy sculpin also may be taking advantage of prey that appear to be increasing in abundance as the copepod Limnocalanus occurred 68% of the time in their diets while previous studies never mentioned it as prey species (Wells 1980; Brandt 1986b; Kraft and Kitchell 1986; Owens and Dittman 2003; Hondorp et al. 2011) . Correspondingly, recent studies have reported increasing densities of Limnocalanus (Barbiero et al. 2009; Vanderploeg et al. 2012) in Lake
Michigan. Comparatively, in deepwater sculpin diets chironomids and Limnocalanus occurred at frequencies of only up to 21% at any port they were sampled. Thus, diet overlap between slimy and deepwater sculpin may be reduced in the future if slimy sculpin continue to diversify their diets in response to the decline of Diporeia while deepwater sculpin increase their reliance on Mysis.
As hypothesized, diet overlap between round goby and either sculpin species did not occur because of the dominance of bivalves (mostly consisting of quagga mussels) in round goby diets. Dominance of dreissenids in round goby diets is also common in nearshore habitats (Ray and Corkum 1997; French and Jude 2001) . Other important prey consumed by round goby included Mysis offshore of Frankfort (0.33, 62%), and ostracods offshore of Sturgeon Bay (0.14, 71%). Similarly high frequencies of occurrence of Mysis and ostracods were observed in diets from April in Lake Ontario at 95 m ) and from October in Lake Huron at depths from 55 to 73 m (Schaeffer et al. 2005) . So long as quagga mussels are abundantly available to round goby in the Great Lakes we suspect diet overlap between round goby and slimy and deepwater sculpin will remain low.
Few diet studies have identified eggs to the species level, despite the fact that egg predation has been hypothesized to limit recruitment of several freshwater and marine species (Luecke et al. 1990; Köster and Möllmann 2000) . In Lake Michigan, previous studies have reported sculpins to have consumed fish eggs during spring, summer, and autumn and have speculated they were bloater or deepwater sculpin (Wells 1980; Hondorp et al. 2011) . We took advantage of genetic techniques to determine that deepwater sculpin were the most common species of egg found in all three benthivore species. Most deepwater sculpin eggs were cannibalized (55%), whereas slimy sculpin (31%) and round goby (14%) consumed eggs in smaller percentages. For bloater eggs, slimy sculpins were the most frequent predator consistent with our hypothesis that was based on an inverse relationship between slimy sculpin and bloater recruitment. The potential importance of egg predation as bottlenecks to deepwater sculpin and bloater recruitment should be explored in future modeling efforts, as it may have implications for the recovery, or possible re-introduction of these native species in the Great Lakes where these populations are either extirpated or only remnant stocks (Roseman et al. 1998; Lantry et al. 2007 ;
Zimmerman and Krueger 2009).
A bias that could have influenced diet composition results was that prey do not digest at equal rates. For example, bivalve shells (Prejs et al. 1990; French 1993 ) and chitinous chironomid heads (Hershey and McDonald 1985) may resist digestion, which would result in diet proportions biased high for these taxa. Conversely, we were concerned that our estimates of the number of fish eggs in the diets would be underestimated because they could be digested more quickly (Daan et al. 1985 ). However, our own feeding experiments revealed that fish eggs could remain identifiable up to 3-5 days in the stomachs of slimy and deepwater sculpin at a temperature of 4.5 °C (J. G. Mychek-Londer, unpublished data).
Managers are becoming increasingly cognizant of the need to move away from singlespecies management toward multi-species or even ecosystem-based fishery management (Pikitch et al. 2004) . Diet information, especially where data gaps exist, can reveal how multi-species interactions influence population dynamics (Link et al. , 2008 . In this study, we described benthivore diets in the winter and spring, which had been previously undescribed in Lake
Michigan. These data will be used to support several ecosystem models in development that will allow Lake Michigan managers to explore different scenarios of piscivore stocking or nutrient inputs. Our results also indicated that interspecific competition was unlikely between nonindigenous round gobies and native sculpins, but our novel identification of eggs in benthivore diets to the species level revealed that native sculpins (and round gobies to a lesser extent) could be influencing the population dynamics of deepwater sculpins and bloater. As a result, future models to understand or forecast the population dynamics of these species should be multi-species in nature to account for the egg predation results that we uncovered. 
